Introduction
Vectors derived from human adenoviruses exhibit a number of features that have made them extremely useful gene transfer reagents. Most notably, these vectors can transduce a broad range of both dividing and postmitotic cells of different origin. In addition, first-generation adenovirus vectors are easy to manipulate and can be propagated to high titers. These latter properties permit the generation of sufficient amounts of vector for experimental, preclinical and clinical applications. Unfortunately, as is now well established, first-generation adenovirus vectors elicit strong cellular immune responses against the cells that they have transduced. [1] [2] [3] [4] Because this immunogenicity is largely a consequence of the low-level expression of virus genes that remain in the vector backbone, one approach to overcoming this immune response has been to engineer these vectors further to remove additional virus genes, especially other early regions such as E2 and E4. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Although some studies have indicated that these 'second-generation' adeno-of 293-Cre cells with lacZ-expressing FD-AdV plasmid DNA followed by infection by Bac-B4 at a MOI of 2000 p.f.u./ml resulted in rescue of the helper-free vector. Subsequent passaging of the obtained FD-AdV using Bac-B4 as a helper resulted in ෂ100-fold increases of the vector titer at each passage. This resulting vector was completely free of helper virus and was able to transduce cultured 293 cells. However, scaling-up of FD-AdV production was prevented by the eventual emergence of replication-competent adenovirus (RCA). Experiments are underway to optimize this system for the large-scale production of helper virus-free FD-AdVs and to minimize the possibility of generation of replicationcompetent adenovirus (RCA) during vector production. This baculovirus-based system will be a very useful alternative to current methods for the production of FD-AdVs. Gene Therapy (2001) 8, 846-854.
virus vectors are less toxic and less immunogenic, 9, 11 there is no conclusive evidence that they are capable of significantly prolonged persistence. Moreover, in nearly every case, the introduction of additional deletions has significantly decreased the resulting titers, making the vectors more difficult to produce in clinically useful amounts.
The ultimate form of adenovirus vector modification is the creation of fully deleted adenovirus vectors (FDAdVs), also called 'gutless', 'gutted', 'amplicon', 'highcapacity' or 'helper-dependent' adenovirus vectors. These are adenovirus-based vectors that contain only the cis elements necessary for replication and packaging, but lack all adenovirus genes. All of the FD-AdVs created thus far [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] share a number of disadvantages. Foremost among these is the use of helper viruses or plasmid cotransfection to provide the necessary virus proteins in trans. The use of helper viruses almost always results in some contamination of the vector by the helper virus. The use of plasmids usually results in much lower titers of vector. Some additional disadvantages of this system include the need for highly time-consuming, multiple intermittent rounds of vector expansion in 293 and/or 293-Cre cell lines in order to make large-scale vector preparations and to limit contamination by the helper virus. Furthermore, helper-dependent FD-AdVs cannot be easily titered, since they do not form plaques.
In the present study, we have examined the potential utility of a novel system for the production of FD-AdVs that are free of contaminating helper virus. In this system, a packaging-deficient, replication-competent adenovirus helper genome is delivered to the FD-AdV-producing cells by a recombinant baculovirus/adenovirus (Bac/Ad) hybrid. This helper genome provides all of the trans functions necessary for the propagation of FD-AdVs. The absence of the adenovirus packaging signal from this helper genome completely prevents its packaging into infectious virus particles. The conception of this system was derived from three observations: (1) recombinant baculovirus based on the genome of Autographa californica multiple nuclear polyhedrosis virus (AcMNPV) can efficiently transduce certain mammalian cells in tissue culture; [27] [28] [29] (2) when properly joined, adenovirus ITRs can be efficiently utilized as an adenoviral origin of replication; 30, 31 and (3) Cre recombinase can efficiently excise and circularize a DNA fragment flanked by two loxP sites. 32, 33 Previous studies demonstrated that AcMNPV is capable of transducing mammalian cells without virus gene expression or replication. [34] [35] [36] [37] [38] Thus, this hybrid Bac/Ad helper virus is not likely to multiply during the course of FD-AdV production, so that only the genome of the FD-AdV will be packaged into the resulting Ad particles. Additionally, since the baculovirus capsids are enveloped in lipid membrane, they can be easily removed from the final vector stocks by chloroform extraction, which does not affect the infectivity of adenovirus virions. The complete elimination of a helper virus from the vector preparations may further improve the safety of these vectors, decrease the toxicity associated with their administration, and prolong the duration of transgene expression. In addition, by obviating the need for physical separation of the vector from the helper virus, the system described in this study should greatly facilitate large-scale production of FD-AdVs for preclinical and clinical studies.
Results
Design and construction of the baculovirus/adenovirus hybrid helper The principal design of the helper-free system is outlined in Figure 1 . The baculovirus/adenovirus hybrid helper virus Bac-B4, containing an excisable packaging-deficient and replication-competent adenovirus genome, was constructed as follows. The circular adenoviral helper genome was derived from the plasmid pBHG10, 39 which carried a functional copy of the adenovirus genome deleted in the packaging signal and the E1 and E3 regions, and which contained fused ITRs that could act as an origin of adenovirus replication. Adenovirus sequences interrupted in the E1 region were excised from this plasmid, and inserted in the recombinant baculovirus genome together with two loxP sites in such a way that loxP sites flanked all inserted sequences. Inclusion of two loxP sites allowed excision of the circular adenovirus helper genome from the baculovirus chromosome upon infection of Cre-expressing 293B5B1 cells. This excised, packagingdeficient and replication-competent genome should be able to replicate to a high copy number and to provide all of the helper functions required for production of FDAdVs (Figure 1) . Additionally, the vesicular stomatitis Gene Therapy virus glycoprotein G (VSVG) envelope protein expression cassette driven by the AcMNPV polyhedrin promoter was inserted into the region adjacent to one of the loxP sites. The use of the baculovirus polyhedrin promoter maximized VSVG expression in insect cells while minimizing or preventing expression in mammalian cells. The VSVG gene was included to permit more efficient transduction of the mammalian cells by the pseudotyped baculovirus. 40 This recombinant baculovirus genome, Bac-B4, was generated through site-specific recombination in E. coli, and rescued and propagated in insect cells Sf9.
Genetic stability of recombinant baculovirus Bac-B4
The resulting hybrid helper baculovirus Bac-B4 contained an insert of 38 kb of foreign DNA. In order to test whether this recombinant baculovirus was genetically stable, Southern analyses were performed on Bac-B4 DNA using 32 P-labeled wild-type Ad5 DNA as a probe (Figure 2 ). The structure of the Ad insert in Bac-B4 did not change during passaging, suggesting that the presence of adenovirus sequences in the recombinant genome did not interfere with baculovirus growth. This finding, however, did not prove that the presence of adenovirus sequences was not able to induce rearrangements in the baculovirus sequences. Such rearrangements, if they occurred, would generate defective baculovirus genomes. To test for this possibility, we transformed competent E. coli DH10B cells with the recombinant baculovirus DNA isolated from two large-scale preparations of Bac-B4. The bacmid DNA from the resulting colonies was isolated and its infectivity was tested by transfection of Sf9 cells. Bacmids isolated from all tested clones were able to generate infectious baculovirus upon transfection of Sf9 cells. This result indicated that the baculovirus backbone of all of the analyzed bacmid clones was stable despite the insertion of ෂ38 kb of adenovirus DNA. In addition, Southern analysis of the baculovirus/adenovirus hybrid virus DNA confirmed that the structure of adenovirus sequences remained indistinguishable from those of the parental bacmid (data not shown). These data suggest that, despite the presence of the large insert of adenovirus sequences, the genetic structure of Bac-B4 remained stable in Sf9 cells.
Excision of the adenoviral sequences from Bac-B4 Adenovirus sequences in Bac-B4 genome were flanked by two loxP sites, which should allow the Cre-mediated excision of these sequences to generate a circular adenovirus helper genome similar to pBHG10. We tested whether the Cre recombinase-mediated recombination of these sites could occur in Cre-expressing cells following infection by Bac-B4. Cre recombinase-expressing 293B5B1 cells were infected by concentrated Bac-B4 at a MOI of 100. Fortyeight hours after infection, low-molecular weight DNA was extracted and subjected to PCR using primers specific to the excised Ad genome ( Figure 3 ). The appearance of the 1735 bp PCR product, which confirmed that excision of the adenovirus genome fragment from the baculovirus backbone had occurred, was observed only in 293B5B1 cells infected by the indicated baculovirus/adenovirus hybrid. This product was not observed in 293 cells infected by the baculovirus/ adenovirus hybrid or in mock-infected 293B5B1 cells. These results indicated that in Cre-expressing cells the adenovirus helper genome could be efficiently excised from the Bac/Ad hybrid.
Figure 1 The principal design of the helper-free system. The baculovirus/adenovirus hybrid containing a packaging-deficient adenovirus helper genome is rescued in insect cells as a recombinant baculovirus. Upon infection of Cre-expressing 293 cells, the circular adenovirus genome is excised from the hybrid genome. This excision generates two circular molecules, one containing an adenovirus genome and the other containing a baculovirus genome. While the baculovirus genome would remain transcriptionally and replicatively inactive in mammalian cells, the adenovirus genome would be capable of replicating and providing all of the helper functions that are necessary for the propagation of FD-AdVs. Since the adenovirus genome released from the Bac/Ad hybrid lacks the adenovirus packaging signal, only the FD-AdV is packaged in the adenovirus particles, resulting in helper-free vector preparation.

Figure 2 Genetic stability of baculovirus Bac-B4, which carries a 38 kb insert. Bac-B4 DNA, isolated from different baculovirus preparations that underwent 2, 3 or 4 passages, was rescued in E. coli DH10B cells. The virus and bacmid DNA was digested with HindIII and assayed by Southern analysis using
Design and construction of a FD-AdV
The plasmid pAVec9-2 was used for rescue of the FDAdV AdAVec 9-2. pAVec9-2 ( Figure 4 ) contained two inverted copies of the Ad5 left ITR with the packaging signal. A stuffer sequence, originating from the human phenylalanine hydroxylase gene, 41 was inserted between these ITRs. A lacZ reporter gene driven by the human EF1␣ promoter was placed inside the stuffer sequence. Two SwaI sites flanked the ITRs, allowing precise exci- sion of the total FD-AdV genome from the plasmid backbone. Following construction, the functionality of this vector was tested using a helper-dependent system similar to that developed by Parks et al. 19 The AdAVec9-2 rescued in 293B5B1 cells using an adenovirus helper virus with a Cre recombinase-excisable packaging signal was propagated to a titer of 5 × 10 9 b.f.u./ml (data not shown). Although all vector stocks also contained 5-10% of the helper virus, as estimated by plaque assay, this experiment proved that, in the presence of helper genome, the adenovirus ITRs and packaging signal in pAVec9-2 were fully functional, efficiently mediating vector replication and encapsidation. Rescue of a FD-AdV using Bac-B4 as a helper To test whether the baculovirus/adenovirus hybrid virus was able to permit rescue and propagation of helper virus-free FD-AdVs, pAVec9-2 DNA was digested with SwaI to liberate the adenovirus termini and transfected into 293B5B1 cells, which then were transduced by Bac-B4 at MOIs of 100 or 2000 p.f.u. of Bac-B4 per cell. The transduced cells were harvested 4 days after infection and crude lysates were prepared. These crude lysates were titered for the presence of the vector by infection of naïve 293 cells followed by X-gal staining. The same lysates were tested for the presence of the helper adenovirus by plaque assay in 293 cells. The obtained preps of helper-free vector were passaged in 293B5B1 cells in the presence of Bac-B4. The results of these experiments are shown in Table 1 . When Bac-B4 was used at a MOI of 100 p.f.u. per cell, the rescue of an FD-AdV was not efficient. However, increasing the MOI of Bac-B4 to 2000 p.f.u. per cell greatly increased the efficiency of rescue of the AdAVec9-2 and allowed its propagation to relatively high titers (ෂ10 8 b.f.u./ml), with an approximately 100-fold increase of vector titer with each passage. This multiplication rate was similar to that obtained in a helperdependent system using an adenovirus helper, suggesting that the Bac-B4 was capable of complementing FDAdV replication and packaging almost as efficiently as an adenovirus helper. Unfortunately, we were unable to evaluate the full potential of this system because further passaging of the AdAVec9-2 in the presence of 2000 p.f.u. per cell of Bac-B4 resulted in the appearance of RCA. Thorough testing confirmed that the original rescue and first three passages of FD-AdV were completely free of RCA, indicating that Bac-B4 sufficiently complemented the replication of FD-AdV. Furthermore, although the emerging RCA was able temporarily to boost the titer of AdAVec9-2 (Table 1) , the RCA quickly overgrew the FDAdV during further passaging driving it out of the stock.
Gene Therapy This study was repeated four times with quantitatively similar results (data not shown). The AdAVec9-2 DNA obtained from these preparations, shown to be negative for RCA, was analyzed by Southern analysis ( Figure 5 ). The restriction pattern of the rescued vector was almost identical to a restriction pattern of pAVec9-2. The only discernable difference was the absence of the 1.8 kb band in the vector DNA preparation. This fragment, containing the plasmid origin of replication and antibiotic-resistance gene corresponds to a SwaI fragment excised from the pAVec9-2 before the FD-AdV rescue and is not supposed to be present in the vector genome. Thus, this observation clearly indicates that the vector genome was stable during propagation when Bac-B4 was used as a helper.
Transduction in cell culture
The ability of the helper-free AdAVec9-2 preparation to transduce naïve cells was tested in tissue culture. 293 Cells were infected by 0.1 ml of crude lysates generated in the second passage of AdAVec9-2, which was propagated in 293B5B1 cells using Bac-B4 as a helper. Twentyfour hours after infection, cells were stained for ␤-gal expression ( Figure 6 ). The absence of helper adenovirus in the examined lysates was confirmed by analyzing the lysates by plaque assay in 293 cells. Since the sensitivity of plaque assay is sufficient to reveal the presence of helper virus at a concentration as low as 1-5 p.f.u./ml, the inability of the obtained vector stocks to generate plaques in 293 cells clearly indicates that these stocks are free of helper virus, or at least that the ratio between the vector and the helper is greater than 10 8 :1.
Discussion
The major limitation of the currently existing helperdependent systems for the production of FD-AdVs is the contamination of the final vector preparation by contaminating helper virus. The presence of this helper adenovirus can potentially increase the immunogenicity of FD-AdVs, thereby jeopardizing their safety and persistence. Additionally, the presence of the helper complicates the production of these vectors and impairs the scalability of the system. Despite extensive efforts, complete elimination of helper virus from the vector preparations has yet to be achieved.
The helper-free system developed in this study offers a means of propagating FD-AdVs so that the final preparations can be free of helper virus. The major difference between this system and the helper-dependent system is that, instead of deleting the packaging signal from the helper genome during the vector propagation, we have deleted it before it gets into cells. This modification precludes the packaging of this genome into adenovirus virions.
In the design of this system we took advantage of a unique feature of the baculovirus AcMNPV to infect human cells efficiently while remaining virtually nontoxic and transcriptionally and replicatively inactive. The genome of AcMNPV consists of a 131 kb double-stranded circular DNA molecule. 42 Although it was thought that the extra packaging capacity of baculovirus might exceed 20 kb, the actual upper packaging limit of baculovirus capsids has not yet been established. Some investigators have suggested that baculoviruses can merely extend their corkscrew-like capsids to accommodate extra DNA sequences. Indeed, the recombinant baculovirus Bac-B4 created in this study contained an insert of 37 705 bp, which apparently did not affect virus viability. Moreover, we were also able to generate several additional recombinant baculoviruses carrying inserts of 40 and 47 kb (data not shown). Thus, the upper packaging limit of the AcMNPV capsid still has not been reached, but is likely to exceed 50 kb. Our data also suggest that, despite the presence of such a large insert, the genetic structure of Bac-B4 remained stable, allowing passaging and expansion of the virus. In addition, recombinant baculoviruses are easy to propagate to relatively high titers (10 8 -10 9 p.f.u./ml) and can be even further concentrated by centrifugation 27, 28 or by cation-exchange chromatography. 43 Since baculovirus genes are not expressed in mammalian cells, it is unlikely that the Bac/Ad hybrid genome will replicate in mammalian cells. However, the replication of adenovirus genome is essential to generate the large numbers of templates for the synthesis of the large amounts of viral proteins that are necessary to obtain high yields of vector. Thus, in order to complement the replication and packaging of FD-AdV in an efficient fashion, the adenovirus helper genome should be able to replicate to a high copy number following transduction of vector-producing cells by the Bac/Ad hybrid.
Figure 6 Histochemical staining for ␤-galactosidase after infection of 293 Cells by the helper virus-free and RCA-free AdAVec9-2. 293 cells were infected by diluted crude lysates of HF AdAVec9-2 obtained from passages 2 and 3 and 48 h after infection stained by X-gal. (a) FD-AdV from
To permit replication directed from the adenoviral ITRs, the adenovirus sequences in the Bac-B4 were flanked by two loxP sites that allowed excision of the circular packaging-deficient adenovirus genome from the baculovirus chromosome in Cre-expressing 293B5B1 cell line. This excised circular adenovirus genome should retain the fused adenovirus inverted terminal repeats that have been proved functional in promoting adenovirus DNA replication in permissive cells. 39 We expected that such an excision would permit subsequent replication of the helper genome using the adenovirus replication machinery, leading to higher levels of adenovirus gene expression and thus to higher titers of the FD-AdV. While we were able to demonstrate that the specific excision of the adenovirus helper genome occurred in Cre-expressing cells, we do not have direct evidence that replication of the helper genome does in fact occur during the course of FD-AdV propagation. Our inability to rescue the FDAdV in 293 cells that do not express Cre recombinase indirectly indicates that Cre-mediated excision of adenovirus genome from the hybrid genome is essential for efficient complementation of FD-AdV. However, the fact that only high doses of the Bac-B4 (2000 p.f.u. per cell) allowed efficient rescue of the FD-AdV may suggest that the replication is not occurring or is inefficient. Alternatively, this result may reflect the possibility that only small proportions of input baculovirus/adenovirus hybrid genomes were involved in complementing the FD-AdV. The question of whether the baculovirus-delivered helper genome is capable of replicating is under active investigation in our laboratory.
In our experiments, we were able to achieve approximately 100-fold increase of titers of the FD-AdV AVec9-2 during each propagation cycle. While this multiplication rate is not greater than that achieved using the standard helper-dependent vector production system, the complete absence of the helper virus in the vector stocks is a great advantage of our helper-free system over the helper-dependent system. Recent findings indicating that the adenovirus genome contains additional cis-acting elements involved in replication and packaging of the adenovirus genome 26 suggest that the inclusion of these elements in the FD-AdV genome may further increase the production capacity of this baculovirus-based helperfree system.
Although we were able to demonstrate the potential utility of the baculovirus-based helper-free system for production of FD-AdV, the generation of RCA during the propagation greatly diminishes the utility of this system in its current configuration. The emergence of RCA was apparently the product of homologous recombination between the adenovirus sequences contained in 293 cells and the E1-deleted adenovirus helper genome. The adenovirus genome carried by Bac-B4 contained an E1 deletion corresponding to positions 190-1340 in wtAd5 genome. The remaining Ad sequences significantly overlapped with the adenovirus sequences harboring in 293 cells. Recombination in this region would result in rescue of both the E1 and the packaging signal into the adenovirus helper genome, rendering it packaging-competent. The rapid increase of the RCA titer from non-detectable level to 0.9 × 10 7 p.f.u./ml during one passage might be accounted for by the fact that the RCA, once emerged, is capable of undergoing multiple cycles of infection and multiplication. As a result, during 4 days of incubation a large proportion of cells was infected by RCA producing significant amounts of infectious helper-independent Gene Therapy virus. Apparently, the emerging RCA has growth advantages as compared with the FD-AdV and rapidly overgrows the vector, also boosting the vector titers. It is obvious that this system needs to be further modified to prevent the generation of RCA. We are currently implementing several modifications of this system that theoretically should prevent RCA formation. We expect that re-design of the Bac/Ad hybrid and/or change of the cell line used for the FD-AdV production will obviate the generation of RCA. The successful completion of these studies should yield a readily scalable system for the production of FD-AdVs that are completely free of contaminating helper virus.
Materials and methods
Cell culture Low-passage 293 cells were obtained from Microbix Biosystems, (Toronto, Ontario, Canada). The 293-derived cell line 293B5B1, which constitutively expresses Cre recombinase, 18 was kindly provided by Dr Andre Lieber (University of Washington, Seattle, WA, USA). These cells were maintained in minimal essential medium (Gibco BRL, Life Technologies, Rockville, MD, USA) supplemented with 10% FBS, 100 units/ml penicillin, 100 g/ml streptomycin and 0.25 g/ml of amphotericin B. Spodoptera frugiperda (Sf9) cultured cells (ATCC No. CRL 1711) were grown in monolayers or in suspension in serum-free medium (Sf-900 II SFM), also containing 100 units/ml penicillin, 100 g/ml streptomycin and 0.25 g/ml of amphotericin B. All cell culture media were purchased from Gibco BRL.
Materials
Competent E. coli DH10Bac cells harboring both an episomally replicating baculovirus AcMNPV genome containing a Tn7 integration site (the so-called bacmid) and a helper plasmid expressing Tn7 transposase were obtained from Gibco BRL. The transfer vector backbone, pFastBac1, containing both the left and right arms of Tn7, was also obtained from Gibco BRL. The plasmid pBHG10, containing an E1-and E3-deleted packaging deficient adenovirus genome with two ITRs fused together, was purchased from Microbix Biosystems. The cloning vectors pLitmus29 was obtained from New England Biolabs (Beverly, MA, USA). Two loxP sites were generated by insertion of the synthetic oligonucleotides, GTACATAACTTCGTATAGCATACATTATACGAAGTT ATAATGA and CTAGTCATTATAACTTCGTATAAT GTATGCTATACGAAGTTAT, which when annealed formed loxP sites with XbaI and Acc65I sticky ends.
Plasmid construction
The transfer plasmid pBac-B4, which was used to generate the Bac/Ad hybrid virus, was constructed as follows. The baculovirus transfer vector, pFastBac1 (Gibco BRL), was modified by the insertion of two loxP sites between the SpeI and AvrII sites, resulting in pBac-B1. pBac-B1 was further modified by the introduction of ClaI and XbaI sites between the loxP sites yielding pBac-B2. The plasmid pBHG10, 39 containing a circularized Ad5 genome with fused inverted terminal repeats (ITRs), was digested with ClaI and XbaI, which removed all of the bacterial sequences. The resulting 32.46 kb fragment was inserted between the ClaI and XbaI sites of pBAC-B2, generating pBac-B3. Finally, pBac-B3 was further modified by the insertion of a fragment containing the VSVG coding sequence and the SV40 polyadenylation signal into a unique BstBI site located immediately downstream of the polyhedrin promoter in pBac-B3. This produced the plasmid pBac-B4, which was then used to generate the corresponding recombinant baculovirus, Bac-B4.
To construct the FD-AdV-containing plasmid pAVec9-2, the left 356 bp terminal fragment of the Ad5 genome including the adenovirus packaging signal was PCRamplified using two primers, VK-67 (CCTCTA GACCAGATTTAAATCATCAATAATATACCTTATTTT GG), which was specific for the very end of Ad5 ITR (sequences specific to Ad5 underlined) and contained a SwaI site (shown in bold) at the end of ITR, and VK-69 (CCATCGATCGGCCCTAGACAAATATTACGCGC), which annealed to the base pairs 356-333 in Ad5 genome. The PCR product was cloned in the vectors pZeRO-2 (Invitrogen, Carlsbad, CA, USA) and pNEB193 (New England Biolabs), resulting in pVNK1 and pVNK2, respectively. Following sequencing of the inserts, these two plasmids were used to generate pNC1.2, which contained two copies of the terminal fragment in opposite orientations with the beta-lactamase gene in the middle. Finally, the beta-lactamase gene was removed and replaced by stuffer sequences obtained from the introns of the human phenylalaninehydroxylase gene 41 and an expression cassette in which the transcription of ␤-galactosidase was driven by the EF1␣ promoter. 44 In this final construct, pAVec9-2, two SwaI sites were located at both ends of the ITRs flanking the FD-AdV genome. Thus, SwaI digestion of pAVec9-2 generated a linear FDAdV genome in which the ITR terminal sequences were only slightly altered, containing the sequences AAAT-CAT instead of the CATCAT that is found at the ends of the wild-type Ad5 genome. It had been previously demonstrated that slight alterations of the terminal sequences did not affect the functionality of ITRs in adenovirus replication. 45, 46 Construction of a recombinant baculovirus The recombinant baculovirus Bac-B4 was generated using the Bac-to-Bac system (Gibco BRL) according to the manufacturer's manual. This system utilizes Tn7-mediated site-specific recombination between the bacmid and the transfer vector (pFastBac), modified to contain one or more transgene-expressing cassettes, to generate a recombinant bacmid in E. coli DH10Bac carrying the episomal copy of the baculovirus genome (bacmid). The plasmid pBac-B4 was used to transform competent DH10Bac cells, in which the transposition occurred. The resulting recombinant bacmid bBac-B4 was then isolated, and following the confirmation of the genetic structure was transfected into Sf9 cells using the Effectene transfection reagent (Qiagen, Valencia, CA, USA). At 96 h after transfection the recombinant infectious baculovirus Bac-B4 was recovered and plaque-purified as previously described. 47 Following verification of the genetic structure, the subcloned Bac-B4 was expanded in Sf9 cells. Large-scale virus preparation was performed in spinner cultures according to the standard protocol supplied with the Bac-to-Bac system. Briefly, Sf9 cells were grown in suspension in SF-900 II medium (1 liter of medium in 3000 ml spinner flasks with a rotation speed of 100 r.p.m./min) to a density of 3 × 10 6 viable cells/ml. Cells were infected at an MOI of 3. Culture medium was harvested at 72 h and clarified by low-speed centrifugation. The resulting baculovirus titers varied from 2 × 10 8 to 1 × 10 9 plaque-forming units (p.f.u.)/ml. High-titer baculovirus stocks were generated by concentrating the virus from the culture media using ultrafiltration in Centricon-80 or Centricon-20 Plus centrifugal filter devices. The 25-fold to 100-fold concentration achieved in this step resulted in baculovirus titers as high as 4 × 10 10 p.f.u./ml. The titers of the recombinant baculoviruses were determined using the BacPAK Baculovirus Rapid Titer Kit (Clontech Laboratories, Palo Alto, CA, USA) and were further confirmed by plaque assays performed according to the standard protocol supplied with the Bac-to-Bac system.
Detection of replication-competent adenoviruses
The appearance of replication-competent adenovirus (RCA) or helper virus in all FD-AdV preparations was monitored by plaque assay in 293 cells and by PCR. Plaque assay was performed as previously described. 48 For PCR detection, the rightward primer 5′-GACGCCCGACATCACCTGTG-3′, which anneals to sequence 1313-1338 in Ad5, and the leftward primer 5′-CGGCGAGCGCCTTCTGGCGG-3′, which anneals to sequence 5072-5053 in Ad5, were designed in such a way as to allow detection of the adenovirus generated from the recombination between the helper genome and 293 cells.
Rescue and propagation of the FD-AdV AdAVec9-2 was rescued in 293B5B1 cells as follows. pAVec9-2 DNA was digested with SwaI, purified using QIAquick Gel Extraction Kit (Qiagen) and transfected into 293B5B1 cells using a modified calcium-phosphate precipitation procedure. Briefly, 10 g of this digested DNA was mixed with 62 l of 2 m CaCl 2 , and sterile water in a final volume of 500 l, and the precipitate was formed by addition of 500 l of 2× HBS (50 mm Hepes, pH 7.5; 10 mm KCl; 12 mm Dextrose; 280 mm NaCl; 1.5 mm Na 2 HPO 4 ). The mixture was incubated for 2-3 min at room temperature and the resulting precipitate was added to a 60 mm dish of 80% confluent 293B5B1 cells, which contained 4 ml of the freshly changed medium with 25 m chloroquine. Following 6 h of incubation at 5% CO 2 , 37°C, transfected cells were washed by PBS, the medium was replaced with MEM supplemented with 5% horse serum (Gibco BRL) and cells were returned to 5% CO 2 , 37°C incubator for further 18 h. Growth medium was removed and cells were infected by 0.5 ml of concentrated Bac-B4 with MOIs of 100 or 2000 for 1 h at room temperature followed by the addition of 5 ml of fresh MEM supplemented with 5% horse serum. Cells were returned to 5% CO 2 , 37°C incubator for an additional 96 h, then harvested, subjected to three rounds of freeze and thaw, and the AdAVec9-2 yields in the resulting crude extracts were assessed by titration.
Titration of the FD-AdV
The titers of the AdAVec9-2 were determined by X-gal staining of 293 cells infected by the vector preparations. Cells were grown in 35 mm dishes to a confluency of 80%. Growth medium was removed and cells were infected by 0.2 ml of preparations of the vector serially diluted in PBS. Following a 45 min incubation virus was removed and replaced by 3 ml of growth medium. At forty-eight hours after infection, cells were washed twice in PBS, fixed with 0.5% glutaraldehyde for 5 min at room temperature, washed again in PBS to remove the fixative and stained for 2-4 h at 37°C with 1 mg/ml X-gal (5-bromo-4-chloro-3-indolyl-␤-d-galactoside) in PBS buffer supplemented with 20 mm MgCl 2 , 5 mm potassium ferricyanide, 5 mm potassium ferrocyanide.
Propagation of the FD-AdV 293B5B1 cells (80% confluent) were infected by 0.5 ml of a Bac-B4 preparation at MOIs of 100 or 2000 p.f.u. per cell for 1 h at room temperature. The virus suspension was removed and replaced by 0.5 ml of a titered AdAVec9-2-containing crude lysate. Following 45 min incubation at 5% CO 2 and 37°C, crude lysate was removed, fresh growth medium was added, and cells were returned to the incubator for a further 96 h. Cells were then harvested and used to prepare crude lysates. The vector yields were evaluated by titration in 293 cells followed by X-gal staining.
Southern blot analysis Baculoviral DNA was prepared from high-titer stocks of BAC-B4 virus using a DNA Blood Mini Kit (Qiagen, Chatsworth, CA, USA). Plasmid DNA from E. coli was prepared by using the Concert High Purity Plasmid Miniprep System (Gibco BRL). DNA samples were digested by HindIII restriction endonuclease, separated in 0.8% agarose gels, and transferred to SuPerCharge nylon membranes (Schleicher & Schuell, Keene, NH, USA) according to the standard protocol supplied by the manufacturer. Radioactive probes were generated by random prime labeling system Rediprime II (Amersham Pharmacia Biotech, Bucks, UK) of wild-type adenovirus Ad5 DNA. Hybridized filters were exposed to Kodak Biomax MS film (Kodak, Rochester, NY, USA).
Excision assay
In order to test the Cre-mediated excision of adenovirus genes from the Bac/Ad genome, 293B5B1 cells (1 × 10 6 cells per 60 mm dish) were infected with Bac-B4 at a MOI of 100. Forty-eight hours after infection, the total DNA was extracted from the cells using QiaAmp DNA Blood kit. Aliquots of DNA were analyzed by 35 cycles of PCR using the oligonucleotide primers CACAGCCTGGCG ACGCCCACC and GGACCATGTGGTCACGCTTTTCG. These primers were specific to the regions adjacent to the loxP sites in Bac-B4, and the presence of a 1735 bp PCR fragment was indicative of the Cre-mediated excision of Ad sequences from the hybrid genome.
